authors contributed equally 10 15 20 2 Mitochondria contain the genetic information and expression machinery to produce proteins essential for cellular respiration. Within the mitochondrial matrix, newly synthesized RNA, RNA processing proteins, and mitoribosome assembly factors are known to form punctate subcompartments referred to as mitochondrial RNA granules (MRGs) 1-3 . Despite their proposed role in regulating gene expression, little is known about the structural 5 and dynamic properties of MRGs. We investigated the organization of MRGs using fluorescence super-resolution localization microscopy and correlative electron microscopy techniques, obtaining ultrastructural details of their internal architecture. We find that MRGs are organized into nanoscale RNA cores surrounded by a protein shell. Using livecell super-resolution structured illumination microscopy and photobleaching perturbations, 10 we reveal that MRGs undergo fusion and rapidly exchange components, consistent with liquid-liquid phase separation (LLPS). Furthermore, MRGs associate with the inner mitochondrial membrane and their fusion coincides with membrane remodeling. Inhibition of mitochondrial fission leads to an aberrant distribution of MRGs into concentrated pockets, where they remain as distinct individual units despite their close apposition. 15 Together, our results reveal a role for LLPS in concentrating RNA and its processing proteins into MRGs, which are positioned along mitochondria by membrane dynamics.
matrix filled with free FASTKD2 (Fig. 1a) . We used reference fluorescence images to identify MRGs, and the correlate high throughput stochastic optical reconstruction microscopy (htSTORM) images to compute their size with a precision down to 10 nm 24 (Supplementary Fig.   1 ). We found similar median diameters for the two markers: 137 nm (± 32 (SD), n = 326) for FASTKD2, and 122 nm (± 30 (standard deviation, SD), n = 361) for GRSF1 foci in COS-7 cells 5 (Fig. 1a, b and Supplementary Fig. 2, 3) . To assess the arrangement of RNA components of MRGs we incubated the cells with 5 mM bromouridine (BrU) for one hour and immunolabelled the newly synthesized mtRNA with anti-BrU as originally described 1,3 . mtRNA distributed within MRGs occupy a region with a median diameter of 94 nm (± 49 (SD), n = 254) ( Fig. 1b and   Supplementary Fig. 4 ), on average significantly smaller than volumes occupied by the protein 10 markers, albeit with a larger variance. Nucleoids containing mtDNA also constitute punctate structures ~100 nm in radius [25] [26] [27] , serving as an internal reference. In good agreement with reported values, we observed a median diameter of 91 nm (± 36 (SD), n = 431) for antibody-stained mtDNA (Fig 1b and Supplementary Fig. 5 ). Next, we performed two-color htSTORM to understand how mtRNA and FASTKD2 organize within MRGs. We found that many mtRNA foci appear to be 15 encased by protein ( Fig. 1c) . Altogether, this shows that MRGs have an internal structure of a multi-component protein shell surrounding one or more RNA cores, as proposed for stress granules 28 . Zooming in, a STORM image (green) shows a single MRG, overlaid on a widefield image 5 (greyscale). The MRG is segmented by its high density of STORM localizations using DBSCAN. Scale bar: 200 nm. b, MRG and nucleoid (mtDNA) diameters measured from DBSCAN-clusters. MRGs were imaged using different markers (mtRNA, FASTKD2 and GRSF1). Median diameter and number of analyzed clusters per condition are noted. Data points are shown in grey, median is indicated as black line. A representative image for each condition is shown on the right. Scale bar: 10 200 nm. c, Examples of 2-color htSTORM of anti-FASTKD2 (MRGs, green) and anti-BrdU (mtRNA, blue). htSTORM images are overlaid on widefield images (grey). Scale bar: 500 nm.
Liquid-phase properties of stress-and other RNA granules play a role in mRNA sequestration, enzyme buffering, and tuning of reaction kinetics 10 . These roles may apply to MRGs and their 15 function in gene expression, if LLPS underlies MRG formation. To test this hypothesis, we generated stable FASTKD2-eGFP expressing cell lines and assessed common hallmarks for 6 cellular LLPS: content exchange and droplet fusion 11 . We examined the molecular exchange of MRG components by fluorescence recovery after photobleaching (FRAP). To monitor MRG fluorescence inside highly mobile mitochondria, we developed a software tool for FRAP analysis with motion tracking. We found FASTKD2-eGFP molecules within MRGs to recover rapidly in both U2OS and COS-7 cells, with a half-recovery time of 6.5 seconds (Fig. 2a, c Supplementary Fig. 6a-d) . To test whether dynamic exchange is generalizable beyond FASTKD2, we created two additional stable cell lines expressing MRG markers, ERAL1 and DDX28, fused to eGFP 29, 30 . Both recovered rapidly, at a timescale (4.4 seconds, ERAL1 and 6.3 seconds, DDX28) similar to FASTKD2 ( Fig. 2c) . For comparison, we overexpressed the mitochondrial helicase TWINKLE fused to eGFP as a nucleoid marker with high DNA-binding 10 affinity 31 . As expected, TWINKLE foci only slightly recover over the course of our FRAP assay (50 sec) ( Fig. 2b, d) . Thus, MRG components exchange rapidly, on a fast timescale compared to stress granules 32 .
To determine whether MRGs were better described as liquid droplets or solid granules, we followed FASTKD2 foci by live-cell super-resolved structured illumination microscopy (SIM). 15 The resolution of SIM is sufficient to discern fusion of liquid drops from aggregation of solid granules. We observed MRG fusion in multiple instances in both U2OS and COS-7 cells, where two individual foci merged to form a single spot ( Fig. 2e, Supplementary Fig. 7a and Supplementary Videos 1 and 2). We also noted MRG splitting on some occasions ( Supplementary Fig. 7b ). Imaging TWINKLE-eGFP by SIM, we observed nucleoid "kiss-and-20 runs", and nucleoid splitting, as previously described 33 , as well as one fusion event ( Supplementary Fig. 7c, d) . In the case of fusion events, the photobleaching-corrected integrated intensity of FASTKD2-eGFP in the merged droplet was approximately the sum of the initial 7 droplets as expected ( Fig. 2f) . We found this to be true for most of the fusions we measured.
Notably, 75% of fusion events coincided with visible mitochondrial membrane rearrangements such as fusion, fission, or bulging ( Fig. 2g) . after fusion. Pre-fusion intensities were normalized by their sum for each granule-pair (n=9). Mean and SD for each MRG type are shown for two timepoints before as well as after fusion. g, Summary of MRG fusion events observed, and associated with mitochondrial membrane remodeling.
Infoldings of the IMM called cristae densely populate the mitochondrial interior. By correlative 15 fluorescence and electron microscopy (CLEM), we observed that displaced cristae accommodate MRGs in open spaces ( Fig. 3a) . Marked by fluorescence, MRGs are clearly distinguishable as round electron-dense granules, with dimensions consistent with our htSTORM data ( Fig. 1 and 3a and Supplementary Fig. 8a ). Noting their close proximity to the IMM, we then tested their membrane association. In mitochondria swollen by antimycin A treatment, we observed with 20 fluorescence microscopy that most MRGs decorate the perimeter (Fig. 3b) . Corroborated by similar observations in live cells ( Supplementary Fig. 8b ), this gives direct visual evidence for the previously published biochemical finding that MRG proteins co-fractionate with mitochondrial membranes, and therefore are membrane-associated 34 . 15 We then assessed the distribution of MRGs along the mitochondrial network ( Supplementary   Fig. 8c ). We found on average one MRG every 1 (±0.8) µm 2 of mitochondria (n = 412), and a strong positive correlation between MRG number and mitochondrial length (correlation coefficient = 0.72, Fig. 3c, d) . A non-random nucleoid distribution was found to be important for sustained inheritance of genetic material, solving the problem that given a random inheritance of 20 nucleoids individual mitochondria would display binomial errors in partitioning 20, 21 . Our data suggest that a similar strategy may be used for segregation of mtRNA, which could be important for maintaining steady rates of protein production in the face of mitochondrial network dynamics.
To investigate the interplay between MRG positioning and mitochondrial dynamics, we inhibited mitochondrial fission by overexpression of a dominant negative mutant of the fission factor dynamin related protein 1 (Drp1), Drp1 K38A . We observed highly elongated mitochondria 5 with enlarged domains, as previously described and termed "mito-bulbs" 35 . We found these domains not only contain nucleoids, but also MRGs (Fig. 4a) . With super-resolved stimulated emission depletion (STED) microscopy, we discovered that mito-bulbs are better described as resembling bunches of grapes, composed of many interspersed MRGs and nucleoids, rather than as a single enlarged and coalesced structure as proposed previously 35 (Fig. 4b) . Intrigued by the 10 absence of MRG fusion (illustrated in Fig. 2 ) in such a confined space, we assessed whether MRGs may have solidified, as stress granules can 28 . We found that fluorescence recovery of stably expressed FASTKD2-tRFP is not altered between Drp1 K38A overexpression and control conditions ( Fig. 4c) . By CLEM, we excluded the possibility that the IMM forms physical barriers between individual granules ( Fig. 4d) . Consistent with untreated cells (Fig. 3a) , in Drp1 K38A expressing 15 cells electron dense MRGs lie close to the IMM in enlarged spaces devoid of cristae. Tightly stacked cristae can be seen adjacent to mito-bulbs in affected mitochondria ( Fig. 4d) , rather than overlapping as previously interpreted 35 . Knock-down of mitochondrial fusion factor Mitofusin 2 (Mfn2) evokes similar MRG clustering, further supporting a role for mitochondrial dynamics in maintaining an even distribution of MRGs along mitochondria (Supplementary Fig. 9 ). 15 In conclusion, our data demonstrate that MRGs are nanoscopic, internally organized liquid condensates of a characteristic size ( Fig. 1 and 2) . Our model proposes that condensation of mtRNA and RBPs into MRGs allows mammalian cells to regulate positioning of these components along the mitochondrial network via membrane association (Fig. 3) . Mitochondrial dynamics via fission and fusion is critical for maintaining a non-random positioning of MRGs, and its perturbation disrupts their positioning while maintaining their individual stability and capacity for molecular exchange (Fig. 4) . Our findings show that changes in positioning can arise, decoupled from changes in the biophysical properties of RNA and DNA sub-compartments. This insight 5 could be important for understanding mitochondrial disorders that are reported to feature aberrant mitochondrial RNA and DNA distribution into clusters, and which imply that adequate positioning of genetic material and transcripts may be crucial for efficient ATP generation by respiration 36 .
Methods
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Plasmids and reagents All cell culture reagents and chemicals were purchased from Sigma unless stated otherwise.
The following plasmids were cloned in the laboratory, using pWPT lentiviral vector (Addgene #12255) as a backbone: FASTKD2-eGFP, FASTKD2-tRFP, DDX28-eGFP, ERAL1-eGFP and TWINKLE-eGFP. CFP-Drp1(K38A) plasmid was a gift from Alexander Van der Bliek. Plasmids 15 for lentiviral production pMD2.G and psPAX2 were gifts from Didier Trono (Addgene #12259 and #12260, respectively).
Cell culture and transfection
HeLa, COS7 and U2OS cells were cultured in Dulbecco's modified Eagle medium (DMEM) 20 13 Cells were maintained in culture for a maximum of 20 passages and routinely assessed for mycoplasma contamination.
Plasmid transfection of cells was performed using Lipofectamine LTX (Invitrogen) or FuGENE 6 (Promega) according to manufacturer's instructions, and cells were analyzed 24-48 hours after transfection. siRNA transfection was performed using Lipofectamine RNAi Max (Invitrogen) and 5 cells were analyzed 72 hours after transfection.
Stable cell lines generation
We used a second-generation lentiviral system to transform individual cell lines. In brief, gene sequences of interest were cloned into lenti-expression vector pWPT (as described above). Co-10 transfection of HEK293T cells was performed with packaging plasmids pMD2.G and psPAX2 using calcium phosphate precipitation. Medium containing virus was collected 48 hours after transfection and filtered using membranes with a pore size of 0.45 µm. The viral supernatant with polybrene was added to 70% confluent recipient cells, and culture medium was replaced 24 hours after infection. FACS sorting was performed to select for cells expressing GFP. 15 
Live-cell treatments
Bromouridine tagging of RNA: When bromouridine pulse assay was performed, cells were incubated with 5 mM 5-bromouridine in culture medium for 60 minutes prior to fixation, as previously described in 3 . 20 Antimycin A treatment: For antimycin A treatment, cells were incubated with 10 mM antimycin A in Hank's balanced salt solution (HBSS) for 60 minutes prior to fixation or live-imaging.
Immunofluorescence and antibodies
Cells were seeded on glass coverslips and grown to a confluence of 60-80%. Following live-cell treatments if indicated, fixation of cultured cells was performed in warm 4% paraformaldehyde (PFA) in phosphate-buffer saline (PBS) for 15 min, then cells were rinsed in PBS. Cell 5 permeabilization and blocking were done together by incubating the fixed cells in PBS containing 0.3% Triton X-100 and 1% pre-immune goat serum for 1 hour. The same buffer was used to incubate cells with the specified primary antibody (see antibody list below). After 2 hours incubation, the cells were washed in PBS and incubated with the appropriate secondary antibody conjugated with a fluorophore. Where indicated, mitochondrial network was stained before fixing 10 the cells using Mitotracker Deep Red FM (Thermo Fisher Scientific), according to manufacturer's instructions.
The following primary antibodies were used in this study: anti-FASTKD2 (Proteintech, 17464-1-AP), anti-bromodeoxyuridine (Roche, 11170376001), anti-GRSF1 (Sigma, HPA036985), anti-DNA (ProGen, 61014), anti-TOMM20 (Abcam, ab186734; Santa Cruz Biotech., SC-17764), anti- 15 Complex IV (Thermo Fisher Scientific, A21348) and anti-Hsp70 (Thermo Fisher Scientific, MA3-028). Secondary antibodies were different depending on the microscopy technique applied and are detailed below. htSTORM 20 htSTORM experiments were performed as previously described 24 , using the same hardware. Immunofluorescence was performed as described above. The following primary antibodies were combined for one-or two-color imaging, as stated in the figures: anti-FASTKD2, anti-bromodeoxyuridine, anti-GRSF1 and anti-DNA. For one color htSTORM we used Alexa Fluor 647 coupled anti-rabbit or anti-mouse secondary antibodies (Invitrogen), and respective number of foci analysed are stated in Fig. 1 . To verify mitochondrial localization of analyzed foci, we costained the mitochondrial proteins TOMM20 or mtHSP70 using the respective primary antibodies and Alexa488 coupled secondary antibody (Invitrogen). In 2-color htSTORM, we use Alexa Fluor 5 647 for BrU coupled with DyLight 755 (Invitrogen) to label FASTKD2 and we analysed two cells and >30 MRGs. Before acquiring each raw STORM stack (10 ms exposure, 20,000-40,000 frames), we collected a 50 ms widefield reference image. Manually incrementing the 405-laser exposure allowed prolonged imaging. Imaging conditions (excitation illumination powers 500-1500 mW) were adjusted per sample-type. We analyzed and plotted the obtained localizations by 10 adapting published MATLAB 37 , and new Python scripts (see Supplementary Fig. 1) . We calculated the full width at half maximum (FWHM) from the averaged eigenvalues as diameter for each granule. One single extreme data-point was omitted for mtDNA for creation of Fig. 1, but kept for all other analysis (incl. rendering in Supplementary Fig. 5 ). To avoid bias of non-normal distributed data, we report the median value. 15 SIM live-cell microscopy SIM was performed on a 3D NSIM Nikon microscope with a CFI Apochromat TIRF objective (100x, numerical aperture NA 1.49, Nikon). The microscope is equipped with 400 mW, 561 nm and 480 mW, 488 nm lasers (Coherent Sapphire) and a back illuminated EMCCD camera (iXon 20 3, Andor Technology). Live-cell imaging was performed at 37°C, using 488 and 561nm lasers for eGFP and tRFP excitation, respectively. Imaging settings were adapted to yield best image quality with minimal photo-bleaching at laser-power between 2 -10%, at 3 -10 seconds per frame. Per field of view, 15 raw images were acquired in 3D-SIM imaging mode to ensure highest signal-tonoise ratio and resolution. Final, super-resolved SIM-images were reconstructed by the commercial Nikon NIS-Elements software and analyzed in Fiji. Opensource MicrobeJ software (www.microbej.com), originally developed for analysis of bacteria, was used for supervised automatic segmentation of mitochondria and location of their associated foci (see Supplementary opened for FRAP recording. 10 x 10 pixel ROIs were manually drawn around single MRGs for FRAP and two or three pre-bleach time-points were acquired for normalization. FASTKD2-eGFP in COS7-(n = 75) & U2OS-(n = 38), and TWINKLE-eGFP (n = 56) FRAP were acquired with twice as many pixels (254x254, and 20x20 ROI) but for the same sample-size (12) . A different FOV was chosen for every FRAP-experiment, multiple different cells could be imaged per sample 5 but samples were exchanged after ~1 h of imaging to avoid confounding effects. If MRGs had left the ROI before bleaching, the assay was aborted and a different MRG was chosen. Recovery was monitored over 50-60 s at 1 fps.
For confocal microscopy of fixed cells, samples were prepared as described above. Alexa Fluor 488, Alexa Fluor 594 or Alexa Fluor 647 secondary conjugated antibodies (Invitrogen) were used 10 to visualize the immunolabeled targets. Imaging was performed using a Leica TCS SP8 inverted microscope with a Plan-Apochromat oil objective (63x, NA 1.4), using the Lightning mode (Leica) to generate deconvolved images. The microscope is equipped with 405 nm, 488 nm, 552 nm and 638 nm lasers. 15 
FRAP analysis and software
For FRAP recording of moving objects, a custom Fiji-script was co-developed with the bioimaging and optics platform at EPFL (www.biop.epfl.ch). In brief, this script "TrackFRAP" is based on the Fiji plugin TrackMate, and automatically follows the bleaching ROI during recovery. It allows the user to choose other foci as FRAP references for overall bleaching correction and outputs both a 20 list of intensity values and metadata to allow reproducible data analysis. All tracks were manually inspected to ensure the bleached granule was recorded correctly over the full course of acquisition.
If no reference granule could be tracked over the full acquisition period, the dataset was excluded from analysis. We then developed a python script to load and analyze TrackFRAP data, which we termed FRAPtrackAnalyzer [FRAPtA] and is based on the FRAPAnalyzer tool (https://omictools.com/frapanalyser-tool). Single or double exponentials were fit and plotted for each data-set, as well as used to extract recovery times. 5 
Correlative confocal Light and Electron Microscopy (CLEM)
Cells were seeded on a gridded coverslip (MatTek, P35-1.5-14-CGRD-D), transfected with CFP-Drp1(K38A) plasmid if applicable, and grown to 50-60% confluence. Cells were then fixed at room temperature for 1 h in fresh fixative (2% PFA, 1% glutaraldehyde in PBS 0.1M pH7.4), washed in PBS and imaged by confocal microscopy on the same day. Z-stacks were acquired of 10 whole cells, the pinhole was closed to 0.5 AU and pixel size reduced to 50-100 nm in xy and 100-150 nm in z. Samples were then stored, overnight, in PBS at 4°C. They were then stained with osmium and potassium ferrocyanide, followed by osmium alone, each with cacodylate buffer.
They were finally stained with 1% uranyl acetate, then washed in water, dehydrated through increasing concentrations of alcohol, and infiltrated with Epon resin. This was polymerized over 15 night at 65°C. Serial, ultra-thin serial sections were then cut of the cell of interest, and the sections collected on single slot copper grids with a formvar support membrane. Images were recorded in a transmission electron microscope operating at 80kV (FEI Company, Tecnai Spirit).
STED microscopy 20
For STED microscopy, samples were prepared following the immunofluorescence protocol described above. Abberior STAR 580 and Abberior STAR RED secondary antibodies (Abberior) were used in combination to label the primary antibodies. Coverslips were mounted on slides using Prolong Gold Antifade mounting agent (Thermo Fisher Scientific). Coverslips were mounted on a Leica TCS SP8 STED 3X inverted microscope equipped with an HC Plan-Apochromat glycerol motC STED W objective (93x, NA 1.30). The microscope is equipped with a white laser (470-670 nm) and 592 nm and 775 nm depletion lasers for STED. Both STED depletion lasers were set to 70% of maximum power. The pinhole was opened to 1 AU for image acquisition. Lightning mode 5 (Leica) was used to deconvolve STED images.
Data, code and materials availability
All imaging as well as numerical data relevant to this study are or will be publicly available on the online repository Zenodo (https://doi.org/10.5281/zenodo.3375448), or upon reasonable 10 request. All code including adapted STORM-analysis code, TrackFRAP, FRAPtA and other python scripts for figure generation are or will be available in the online repository Github (https://github.com/TimoHenry). Both plasmids and cell lines may be available to share.
